Coarse-grained model for saturated (DCPC, DLPC, DMPC, DPPC, DSPC) and unsaturated (POPC, DOPC) phospholipids is introduced within the Single Chain Mean Field theory. A single set of parameters adjusted for DMPC bilayers gives an adequate description of equilibrium and mechanical properties of a range of saturated lipid molecules that differ only in length of their hydrophobic tails and unsaturated (POPC, DOPC) phospholipids which have double bonds in the tails. A double bond is modeled with a fixed angle of 120 degrees, while the rest of the parameters are kept the same as saturated lipids. The thickness of the bilayer and its hydrophobic core, the compressibility and the equilibrium area per lipid correspond to experimentally measured values for each lipid, changing linearly with the length of the tail. The model for unsaturated phospholipids also fetches main thermodynamical properties of the bilayers. This model is used for an accurate estimation of the free energies of the compressed or stretched bilayers in stacks or multilayers and gives reasonable estimates for free energies. The proposed model may further be used for studies of mixtures of lipids, small molecule inclusions, interactions of bilayers with embedded proteins.
I. INTRODUCTION
Cell membranes represent thin and flexible layers separating the interior of the cells from the environment 1 . Specific structure of the cell membrane 2 provides the cell with numerous physiological functions: membranes maintain a stable metabolism of the intracellular environment, modulate and select small molecules and bio-molecules that can penetrate inside the cell 2 . Functional and structural properties of cell membranes are strongly related to the structure of lipid molecules 3 . Cell membranes are composed of a mixture of different types of lipids including saturated and unsaturated phospholipids, cholesterol molecules, fatty acids, proteins and other inclusions 2 . Membrane properties and biological functions provided by cell membranes are ensured by tuned balance of membrane composition. When this balance is altered, the cell function can be modified and can even lead to certain diseases 4 .
Many functional properties of lipid membranes are determined by collective phenomena, where many molecules interact with each other and self-assemble in complex arrangements with internal structure and order 3 . In particular, a detailed microscopic description of collective phenomena in lipid bilayers may require the study of very large systems comprising of large number of lipid molecules, where atomistic Molecular Dynamics (MD) simulations are not yet practical 5 . Thus, theoretical description of large lipid systems is usually limited to coarse-grained models [5] [6] [7] , where groups of atoms are represented by effective beads, thus reducing number of degrees of freedom in simulated systems. It is usually accepted that the coarse-graining provides an adequate and consistent description of equilibrium and structural properties of lipid bilayers [6] [7] [8] . Since lipid molecules are rather short and their conformation space is limited, the resulted equilibrium structures are determined by amphiphilic structure of molecule and thus the bilayer composition is not sensitive to details of coarse-graining 7 .
Combination of coarse-grained molecular models with mean field theories is the next step towards description of even larger lipid systems. The mechanical and structural properties of lipid bilayers can be successfully modeled within the Single Chain Mean Field (SCMF) theory 9 . The SCMF theory was originally proposed [10] [11] [12] to describe the self-assembly of surfactants into spherical micelles 10, [12] [13] [14] . Computationally expensive calculation of interactions between molecules is replaced by calculation of interactions of a single molecule in different conformations with a mean field, created by other molecules. In this approach correlations between molecules and fluctuations are neglected, while the output of the theory is equilibrium structures. This theory gives detailed molecular structure of nanoscale objects selfassembled from relatively short molecules. Since SCMF theory describes the systems in equilibrium, the free energy of different self-assembled structures can be obtained directly [10] [11] [12] , easier than in Molecular Dynamics (MD) and Monte Carlo (MC) simulations. In addition, modifications of this theory, for example, single chain in mean field simulations 15 , can describe long-wavelength fluctuations.
In this work we propose a general coarse-grained model for the SCMF theory of most common lipids 16 found in Nature that have the same polar head and differ only in the length of their aliphatic tails. This model is similar in spirit to 10-beads model described in Ref. 9 , but is more accurate in description of equilibrium properties of the bilayers and can be applied to a wider range of lipids. To test the performance of our model we compare the free energy of compressed bilayers with MD simulation results 17 obtained within MARTINI model.
II. GENERAL MODEL OF SATURATED AND UNSATURATED PHOSPHOLIPIDS
SCMF theory of lipid bilayers 9, 18 describes lipid molecules in a coarse-grained approximation as a group of connected beads interacting via effective pairwise potentials. Each bead represents several atoms while the number of atoms in the bead depends on the level of coarse-graining. In contrast to widely used Self-Consistent Field (SCF) 19, 20 theories, there is no a priori assumption on the probability distribution of conformations of molecules; instead, representative sampling 10 of conformations is generated using Monte Carlo or Rosenbluth methods 21 . Thus, this method provides more adequate description for short molecules which have non-Gaussian probability distribution of conformations, which is the case for lipids. Explicit generation of the sampling allows to split the interactions of the molecules into intra-and intermolecular parts. Intra-molecular interactions can be calculated explicitly for each conformation during the generation of the sampling, while intermolecular interactions are replaced by interactions of each conformation with mean-fields created by other molecules or external fields. Thus, the probability of each conformation Γ is fixed by a given distribution of mean fields, while the mean fields are calculated as averages over all conformations with their probabilities, hence closing the self-consistency loop. Such strategy allows to write a set of self-consistent non-linear algebraical equations, which can be solved numerically.
SCMF method applied to lipid bilayers is summarized in Ref. 9 , here we list the resulting expressions. The probability of each conformation Γ,
normalized by the normalization constant Z, is given by the effective Hamiltonian, H ef f (Γ), which is determined by distributions of the mean fields 9, 18 ,
where N is the number of molecules in the system; U 0 (Γ) is the contribution from intra-molecular interactions of a particular conformation Γ; u T , u H , u s and φ are the contributions of each conformation to the fields of interactions of two types of beads, tails (T), heads (H), solvent molecules (s), and excluded volume, in a particular point in space r. The corresponding mean fields created by the molecules are the averages over all conformations with the corresponding probability ρ(Γ) are denoted by angular brackets.
Hence,
where v s is the volume of the solvent bead and φ 0 is the maximum volume fraction, allowed in the system 9 . These equations are accompanied by the incompressibility condition,
where λ(r) is related to lateral pressure inside the bilayer. The interactions between the beads of lipids and the solvent are described by potential square well, which includes hard-core repulsion at the distances smaller than the sum of radii of the interacting beads and attraction or repulsion within the interaction range. This repulsion between the beads of different molecules is determined by the excluded volume field. These nonlinear equations give distributions of lipids and solvent molecules at equilibrium and the corresponding total free energy of the system. In addition to the global minimum of the system, the solution of equations may also lead to metastable solutions with higher free energy, which may, in principle, inform on possible metastable states as well as the transition path between stable states.
Phospholipid molecules are modeled as a sequence of beads of two types, heads (H) and tails (T), as shown in Figure 1 . All studied lipid molecules have the phosphatidylcholine head which is represented by two H-beads of radius equal to 3.3Å (Figure 1a ), which are the same for all studied lipids.
The saturated lipids differ only in length of the tails of aliphatic chains (Figure 1-a) . Thus, the coarse grained model represents the tails of lipids with hydrophobic T-beads of radius 2.5Å, effectively grouping two or four carbon atoms according to the following rules: (i) the first T-bead, connected to the head, represents one carboxylate and one carbon group; (ii) next non-terminal T-beads represent four carbon groups; (iii) the terminal T-bead of the tail represents two or four carbon groups, depending on the length of the terminal bond (4.5Å or 7.5Å, correspondingly). The length of the rest of bonds is 7.5Å, and there is no restrictions on the angles between them, i.e. the beads are freely jointed. The molecules are generated by self-avoiding walk using Rosenbluth algorithm, i.e. the beads in the resulting conformations do not intersect. The solvent molecules are represented by S-beads of radius 2.5Å. The parameters of the model are summarized in Table I . Two types of beads tails (T) and heads (H) and solvent (S) interact through square well potentials: the interaction is equal to zero if the distance between the center of bead Table I ).
Unsaturated lipids have a kink of a fixed angle 120 degrees at the double bond.
is larger than the interaction range, while if the centers of beads are within the interaction range, the interaction between the beads has a constant value listed in the table. There are only two types of interactions: between two hydrophobic beads TT and between one hydrophilic bead and solvent HS. Since the molecules are modeled as sequence of hard spheres, close packing is achieved for occupied volume fraction φ 0 smaller than 1, which is, in fact, a parameter of the system controlling the excluded volume interactions. In the model it is set to 0.685. The parameters of the model are adjusted through series of simulations with large sampling (7×10 7 ) and resolution. The simulation box (Width × Length × Height) is set to 100.0Å ×100.0 A ×62.7Å and the periodic boundary conditions in lateral directions are used.
The constructed model for saturated lipids can further be extended to unsaturated lipids of a similar structure, POPC and DOPC, which have exactly the same head group and similar to saturated lipids DPPC and DSPC chemical structure (Figure 1 ). However, there are important differences in the molecule' structure that should be reflected in the model. (i) One of the tails of POPC is shorter than the other; (ii) POPC molecule has one and DOPC molecule has two doublebonds in the middle of the fatty acid tails. Therefore, tails of POPC have different lengths, but tails of DOPC are of the same length. As a result, in our model (Figure 1 -b,c) the lipid tail with no double bond in POPC has the same structure as the tails of DPPC, while the tail with hydrogen bond in POPC and both tails of DOPC have similar structure as DSPC. In addition, the bead in the middle of the tail corresponding to double bound has a fixed angle of 120 degrees. The implementation of fixed angle is illustrated in Figure 2 . A rotated coordinate system XY Z (red) centering on the unsaturated bead i is defined with respect to a fixed coordinate system xyz, where zaxis is oriented along the extended line of the bond connecting bead i with the bead i − 1. xy plane is perpendicular to z-axis. The line of nodes-N (orange) is defined as the intersection of the xy and XY coordinate planes. α is the angle between x-axis and Naxis, β is the angle between the z-axis and the Z-axis. Random position of the next bead i + 1 is generated first in the rotated coordinate system XY Z and than transferred with rotated matrix:
to the original coordinate system xyz.
III. EQUILIBRIUM PROPERTIES OF LIPID BILAYERS
The equilibrium properties of unconstrained bilayers at 30
• C are calculated and compared with the experimental data for saturated DCPC, DLPC, DMPC, DPPC and unsaturated POPC, DOPC lipids, see Table II. The calculated equilibrium properties include area per lipid, volume per lipid, membrane thickness (defined by the bilayer distance between midpoint of the total volume fraction), hydrophobic core thickness (defined by the bilayer distance between midpoint of the tail beads volume fraction), distance between heads (defined by the peak value of the slopes of the head beads volume fraction) and the compressibility constant which describes the rigidity of membrane in lateral direction. It is calculated as a second derivative of the free energy versus area per lipid around the minimum of the free energy (see Ref. 9) .
The experimental data is collected from different sources of X-ray scattering and corresponds to fully hydrated fluid phase. The temperature of all experimental data is 30
• C, which makes it possible the comparison with simulation data. However, the main transition temperature of DPPC and DSPC is around 28 
41
• C and 54
• C correspondingly. This means that these lipid bilayers should be in a gel phase at 30
• C, at which the bilayer has completely different equilibrium and mechanical properties. In order to consider systematically all lipids with different tail lengths in the same framework, it was proposed to use experimental estimates for the effective values that lipid bilayers would have at 30
• C if they would not have undergone the transition into gel phase. To do so, the averaged molecular area expansion k DP P C = 0.190Å 2 /deg, k DSP C = 0.167
• C. Similarly, averaged molecular thickness expansion k DP P C = 0.090Å/deg was used to extrapolate the membrane thickness. However, the compressibility modulus of DPPC is not accessible at such temperature.
A. Saturated lipids
Good agreement between experimental and theoretical predictions of the general model is shown in Figure  3 . Our model reproduces almost perfectly the equilibrium properties of bilayers assembled from saturated lipids with different tail lengths using the single set of interaction parameters. The calculated equilibrium properties for liquid phase show linear dependance with the length of the tail. The statistical error of SCMF calculations is of the order of 1% for thickness and area and 5.4% for compressibility constant since it is a second derivative of the free energy and thus it requires large sampling to achieve a high accuracy. The thickness of the bilayers and the hydrophobic core thickness and the distance between heads increase linearly with the length of the tails, which corresponds to the increased molecular volume of the lipids. The compressibility constant and area per lipid decrease with the length of the tails. This is attributed to the increase of the TT contact energy per lipid with increased number of T beads. To analyze such behavior, we use one of the advantages of the SCMF theory, namely the direct access to components of the total free energy at equilibrium. Figure 4 shows the dependence of the dominant terms in the total free energy: the energy of TT contacts and the entropy of lipids as a function of the lipid tails length. Other terms to the free energy, the intra-molecular internal energy and the energy of head-solvent interactions are small and almost constant, thus not shown. Main contribution to the free energy per lipid is the energy of TT contacts, which increases with the number of T beads in the tails, making the lipid more hydrophobic and thus leading to closer packing in the bilayer core region.
The average volume fraction profile of the equilibrium lipid bilayer is shown in Figure 5 . It shows the total volume fraction in the bilayer as well as the distribution of heads and tails in the bilayer for three saturated lipids. Increased length of the tail leads to the increase of the thickness and increase of the headto-head distance as reflected in Table II . model shown in Table I . Such model with no fitting or additional parameters gives reasonable estimates for the structure of the bilayer, thickness of the membrane and hydrophobic core, molecular volume and gives reasonable compressibility constant (red circles in Figure 3) . However, the resulting area per lipid is significantly lower experimental values. This can be explained by underestimated crowding effect induced by disordered packing of tails with fixed angles. But this packing effect relies on strong correlations between neighboring lipid tails and this effect definitely goes beyond mean field and hence is not present in SCMF theory. In addition, these tails with fixed angle in the middle of the tail is difficult to align in parallel arrays, thus, impeding unsaturated lipids from phase transition to gel phase, observed for saturated lipids of the same structure and same temperature. Fixed angle induces the distortion in the conformations of lipids which results in slightly increased average excluded volume of conformations. According to our numerical estimations based on averaging of the excluded volume of each generated conformation, the increase of the excluded volume is about 5.1% for DOPC and 2.6% for POPC. This effect was indirectly incorporated into the model of unsaturated lipid by increasing the volume of the beads by this amount. This increase of the volume of the beads has led to significantly better correspondence with experimental results as shown in Figure 3 and Table II . The consequences on the lipid bilayer structure induced by the replacement of DSPC by DOPC lipid is depicted in Figure 6 . The thickness of the bilayer of unsaturated lipid is lower than that of saturated lipid because the number of lipids in the equilibrium is smaller.
IV. BILAYERS UNDER COMPRESSION
General model for saturated phospholipids is shown to be successful in description of equilibrium thermodynamic properties of single unconstrained bilayers. In order to test this model further, we consider com- pressed bilayers. Double bilayer systems can be formed in two distinct experimental situations: (i) dehydration of the water layer between the bilayers, when the distance between the bilayers is controlled by hydration level (the number of water molecules per lipid) 17, 29 and (ii) mechanical compression of two bilayers 17 , for example, squeezed between two parallel walls; in this case the control parameter is the distance between the centers of mass of the bilayers.
We choose two POPC lipid bilayers placed between non-interacting walls in order to compare with the existing experiment and simulation data. The height of the box is decreased and the number of lipids in the box is adjusted to find the minimum of the free energy. The number of lipids corresponding to the minimum of the free energy is then corresponds to equilibrium area per lipid. This is similar in spirit to simulations in Grand canonical ensemble, while mechanical and thermodynamic properties of the bilayers are calculated the same way as discussed in previous section. Figure 8 shows a typical volume fraction profile of two compressed bilayers. In addition, another important property of the bilayer can be calculated, the disjoining pressure at a certain water layer thickness D w which is given by
where D com is the distance between the centers of the bilayers, K C is the compressibility modulus 9 and A 0 is the area per lipid of a unperturbed POPC bilayer at equilibrium. In turn, D com −D w denotes the thickness of single bilayer. 17 It is equal to the distance between heads of single bilayer at equilibrium, D hh . Since our method can directly measure both D hh and D w , they are directly obtained from the volume fraction profile as will be mentioned later. A Dcom is the area per lipid at a given membrane thickness (D hh ). The initial height of box is 120Å and decreased to 60Å by step 5Å. The number of lipids, free energy per lipid and area per lipid at equilibrium state of compressed bilayers are changed with decreasing volume of the box. Figure 7 shows a comparison of disjoining pressure corresponding to water layer thickness, collecting data from both experiments and simulations. The experimental results 30 are calculated from osmotic pressure at room temperature. 31, 32 Open square represents the simulation data obtained from compressed double bilayer system using Eq. (9) . Solid star represents the simulation results with SCMF theory for POPC and calculated from Eq. (9) . Here the value of K C is taken from the Table II as 237 dyn/cm. It is important to note that the way to define the thicknesses D w and D hh has a great impact on the result. Several methods of definition have been explored in the literature in both experiment and simulation. Most common definition comes from X-Ray scattering is the distance between the maxima in the electron density profile 23 which it often related to phosphate peaks. Here we use the same method to define D hh in order to compare with experiment results. Since our model do not distinguish phosphate groups but has only a general hydrophilic head group, D hh is defined as the headto-head distance of a single unperturbed bilayer, D H in Table II . The water interface of D w is defined at the half density of solvent in our simulation. Figure 7 shows a good agreement with both experiment and simulation of our model in a compressed two-bilayer system. The free energy cost of the equilibrium state of compressed double bilayers as a function of the distance between the centers of mass of the bilayers is shown in Figure 9 . The free energy difference per lipid is calculated as a function of the free energy of unperturbed single bilayer ∆F = (F − F eq ). We compare our simulation results (red stars and circles) with a similar double bilayer system within MD simulations using MARTINI model 17 (black squares). In highly compressed state, D com < 45Å, we find linear dependence between the free energy and the distance between centers of bilayers. For small compressions, D com > 45Å, our simulations show a very good agreement with molecular dynamics simulation. Figure 10 shows the area per lipid as a distance between the centers of bilayers calculated with SCMF theory. Dashed lines correspond to equilibrium areas per lipid in unperturbed single bilayers of DMPC and POPC membranes, which corresponds to two bilayers that do not feel each other. With increasing distance between bilayers the area per lipid decreases with in a similar way for saturated DMPC and unsaturated POPC lipid bilayers.
V. CONCLUSION
We propose a general model for saturated, DCPC, DLPC, DMPC, DPPC, DSPC and unsaturated POPC and DOPC phospholipids which differs only in hydrocarbon chains. The lipid molecule is represented by two hydrophilic beads which are the same for all studied lipids and 6-10 beads in the tail and correspond to different number of carbons. Essential equilibrium properties of the phospholipid bilayer such as compressibility constant, volume fraction, and the area per lipid can be obtained with good precision and in accordance with experimental data. This general model is able to describe most of equilibrium properties of phospholipid bilayers such as the thickness of the bilayer and the hydrophobic core, position of hydrophilic and hydrophobic groups in the bilayer, the mechanical properties of the bilayer and the corresponding compressibility constant. The performance of the model was tested in a two-bilayer system, where non-adsorbing membrane is compressed and the force -distance profile is measured. The model gives results, which are in good agreement with experimental data as well as with molecular dynamics simulations. The proposed model can further be used for modeling thermodynamic and mechanical properties of mixtures of lipids and interactions with nano-objects.
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